I
P ONE studies curves which depict the relationship of cardiac output to mean right atria1 pressure (one of the forms of Starling's curves), it is obvious that, within the normal range of function of the heart, cardiac output can change tremendously while the right atria1 pressure changes only slightly. This fact led to the early belief that it is not the function of the heart itself which controls cardiac output but instead that cardiac output is controlled by the various factors in the peripheral circulatory system which regulate the return of blood to the heart. Though it is not entirely true that cardiac output is independent of the function of the heart (I), nevertheless, it is hoped to emphasize in the present paper the special importance of the peripheral circulatory factors which affect venous return. In order to do this, a mathematical circuit analysis of the closed circuit circulatory system has been made. This circuit analysis has been specifically simplified so that the factors derived would be amenable to experimental test. Two of the factors which have proved to be of importance, as shown both by this circuit analysis and by experimental data, are a) 'capacitance' and b) 'mean circulatory filling pressure.' As used in these studies the term capacitance means dV/dP or, in other words, the change in volume of a particular part of the circulatory system with each unit change in pressure. This term has been used in the present paper because there is at present no term in common usage in hydrodynamics which means dV/dP. This is different from the term 'distensibility' which is commonly used to mean dV/dP + V. The term mean circulatory filling pressure (MCFP) has been defined previously (2) Return to the Heart. In order to be completely venous pressures come to equilibrium, which procedure has been described previously (2) . Following measurement of the mean circulatory filling pressure, the hearts were defibrillated by intense electric shock through the chest wall by a method also described previously (3). Cardiac outputs in these animals were determined by the direct Fick method.
Six of the dogs were rendered 'areflex' bv total spinal anesthesia and simulmade based on the schema of figure I which illustrates the major portions of the circulatory system. In this schema C3 is the capacitance of the arterial tree, P3 is the mean arterial pressure, and R3 is the arterial and arteriolar resistance. Cs and P2 are the capacitance and mean pressure respectively of the capillary and venular storage pool of blood, and Rz is the resistance from this venular storage pool to the major veins. Cl and PI are the capacitance and mean pressure, respectively, of the major veins, and RI is the resistance to blood flow from the veins to the right atrium. RAP is right atria1 pressure.
The essential steps for this mathematical analysis are given in the appendix to this ---1 > in which C is capacitance of the entire peripheral circulatory system. When the circulatory paper, and the formula for venous returr system is divided into n portions instead of 3 portions as in the schema of figure I and with a variable pump used in place of the heart as described under METHODS. By varying the degree of pumping, a constant right atria1 pressure was maintained while each of the curves depicted in figure 2 were determined.
On the other hand, the mean circulatory filling pressure was varied by increasing or decreasing the quantity of blood in the circulatory system. It is obvious from the curves in figure 2 that when other factors are maintained under constantly controlled conditions, the venous return increases approximately in proportion to the increase in mean circulatory filling pressure. However, there is a slight inflection in the curve which indicates, as predicted in the above paragraph, that the impedance to venous return decreases as the mean circulatory filling pressure increases, thereby allowing greater venous return at high mean circulatory filling pressures than would occur if the vessels were rigid. However, it is obvious from the curves of figure 2 that the effect of the mean circulatory filling pressure on the impedance to venous return is not excessively great.
Relationship of right atria1 pressure to venous return. Observing figure 2 once again, it is immediately evident that the right atria1 pressure also affects venous return greatly so that for any given mean circulatory filling pressure, the greater the right atria1 pressure, the less is the venous return. In other words, as predicted from the formula, right atria1 pressure acts as a reverse force, approximately in proportion to the right atria1 pressure, to retard venous return.
As illustrated in figure 2, when the right atria1 pressure falls to less than zero, decreasing this pressure below atmospheric pressure does not further increase venous return. This has been shown to be true by other experimental methods (4, s), and this occurrence is obviously due to the collapsibility of the veins entering the thorax which causes the pressure in the emptying veins to remain approximately zero with respect to atmospheric pressure regardless of how negative the right atria1 pressure falls.
Mean circulatory Jilling pressure as a limit to right atria1 presstire. It would be predicted from the formula for venous return that, as venous return and cardiac output decrease to zero, right atria1 pressure should rise to equal the mean circulatory filling pressure. Furthermore, at no time would it be possible for the right atria1 pressure to rise to a value greater than the mean circulatory filling pressure. Figure 2 illustrates this principle-that mean circulatory filling pressure is the upper limit to the right atria1 pressure-for in each curve, when the venous return becomes zero, the mean circulatory filling pressure is equal L to right atria1 pressure. Furthermore, at no time in any of the present experiments or other similar ones has it ever been possible to increase the right atria1 pressure above the mean circulatory filling pressure. output, the mean circulatory filling pressure, the right atria1 pressure, and the arterial pressure were determined intermittently after the transfusion.
Eleven similar experiments were performed.
It will be noted from this experiment that massive infusion caused a simultaneous increase in right atria1 pressure, mean circulatory filling pressure, cardiac output, and arterial pressure. Also, there occurred a similar increase in the pressure gradient for venous return (MCFP-RAP). Figure 4 illustrates the relationship of the pressure gradient for venous return (MCFP-RAP) to cardiac output, but in most of the curves there is a slight curvature similar to that in figure 2 as would be predicted from the fact that increasing the mean circulatory filling pressure is certain to increase the dimensions of the peripheral vessels and thereby progressively decrease the resistances of the different vessels.
Eject of arterial pressure on venous return. In the different individual experiments the arterial pressure varied as much as 250 % at times while the venous return remained constant. This occurred especially in experiments in which the resistance of the small arteries was greatly increased by occluding these with 250 micron beads. This is the effect predicted, for arterial pressure is proportional to venous return times the total peripheral resistance, whereas it is evident from formula I that the most important resistances in the circulatory system for governing venous return are not those in the arteries but are those in the venous circuit (RI and RJ, which resistances represent only a small fraction of the total peripheral resistance. Consequently, it is not expected that there should be a direct correlation between arterial pressure and venous return except when the resistances and capacitances in the different parts of the circulatory system remain constant.
DISCUSSION
The fit of the predictions from the mathematical circuit analysis with experimental results has been highly encouraging that the analysis itself is reasonable.
Obviously, there are many factors which have been neglected in the present analysis for the sake of simplicity.
These include especially the mean circulatory filling pressure of the pulmonary circulatory system, the capacitance of the pulmonary circulatory system, and the capacitance of the heart. However, these factors apparently are not especially important except under special conditions such as inordinate shift of blood from the lungs into the peripheral circulatory system, etc. that in clinical patients with severe anemia, in whom the viscosity of the blood may be decreased by a factor of some two to three times, the cardiac output is increased roughly in proportion to the decrease in viscosity (IO) .
Obviously, other factors, such as vasomotor reflexes caused by the anemia, enter into this effect, but it would appear from the present experiments that viscosity plays a very important direct role in the oontrol of cardiac output.
The present experiments may also be of value in explaining the changes in cardiac output which occur in myocardial failure. When the myocardium fails acutely and the right atria1 pressure begins to rise, ordinarily there occurs a simultaneous decrease in venous return (II, 12) , which would be predicted from the rising right atria1 pressure. In general, the cardiac output increases during the ensuing few days following the initial failure of the myocardium. This is associated with retention of fluid (13) which, theoretically, should increase the mean circulatory filling pressure. Thus, it appears that initial myocardial failure, theoretically, should, and actually does, decrease the cardiac output, whereas the subsequent retention of fluid, theoretically, should increase the mean circulatory filling pressure and should return the cardiac output back toward toward normal; this is a usual finding. However, this does not mean to imply that excessive retention of fluid might not, when the heart becomes overloaded, decrease the cardiac output. 
